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ABSTRACT 
 
Using ultra-thin surface coatings of water-soluble polymers to modify interfacial friction is 
relatively new, but may offer routes to form beneficial coatings whilst using significantly lower 
polymer concentrations. In the current study, silica surfaces were modified by the physisorption 
of poly(vinylpyrrolidone) (PVP) from water solution. Four polymer samples with different 
molecular weights ranging from 8 kDa to 1300 kDa, were examined here. Optical reflectivity 
measurements showed that the saturated surface excess for each PVP sample was ~1 mg/m2. The 
amount of trapped water within the 8 kDa PVP film  (~ 10 wt%) was found to be much less than 
the trapped water (40-55 wt%) in films formed from higher molecular weight PVPs (40 kDa, 360 
kDa, and 1300 kDa). In addition, QCM dissipation values for the 8 kDa PVP film was more than 
four times smaller than those measured for the higher molecular weight PVPs, suggesting that the 
8 kDa PVP conforms to a flat film (predominantly train orientation), while the high molecular 
weight PVPs slowly reorganize resulting in more lossy films (increased Sauerbrey film thickness).   
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Colloid-probe AFM lateral force measurements showed that 8 kDa PVP films exhibited similar 
lateral resistance to that seen for uncoated silica surfaces in water, whereas higher molecular 
weight PVP films showed significantly reduced lateral forces. This lubrication effect, induced by 
the adsorbed higher molecular weight PVP samples was explored further by measuring the 
rheology of concentrated particle suspensions. Suspension yield stress data for PVP-coated 
particles showed a reduction by a factor of 2 in the yield stress when compared to the uncoated 
particles for suspension concentrations above 60 vol%, i.e. approaching the close-packed limit of 
spheres.   
INTRODUCTION 
Friction reduction is important to both traditional industry (e.g. bearing lubrication) and advanced 
micro- or nano-scale devices such as implants or bio-sensors, from the perspective that reduced 
friction improves energy utilization and minimizes wear.1-3 Current opinions of friction have been 
commonly considered in terms of different energy dissipation pathways as the contacting surfaces 
move past each other, either by thin fluid films or, for surfaces in contact, by molecular species 
forming boundary layers. 4 Moreover, lubrication using more environmentally friendly, water-
based solvents is increasing in popularity.5 Various systems, ranging from micro/nano-
electromechanical systems and biomedical devices, to articulating joints or the eye, require 
surfaces in contact to slide easily past each other in aqueous environments.1, 4 
In particular, polymer coatings have been shown to be economic, versatile and convenient 
approaches to reduce the frictional forces between surfaces in an aqueous system, as they are able 
to sustain large normal loads while retaining a stable fluid interfacial layer.6, 7 The morphology of 
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the adsorbed or grafted polymer layers and the nature of their interactions with the surfaces, with 
the solvent, and with each other determine the degree of lubrication.8-10 In a good solvent condition, 
the interactions between two surfaces that are fully coated by polymers (adsorbed or grafted) are 
usually repulsive due to the osmotic pressure exerted by the confined polymer chains.6 Grafted 
polymer brushes, for example, show negligible mutual interpenetration as they are compressed to 
D < 2L0 (D is the distance between two surfaces, and L0 is the mean uncompressed thickness), 
because of excluded-volume/entropic effects.11 Even under moderate compression, the depletion 
zone where frictional dissipation occurs remains fluid. The combination of a limited mutual 
interpenetration of the brushes and a fluid interface results in excellent lubrication (also called 
entropic lubrication).12 Recent research emphasized the importance of the interfacial fluid film as 
well as the morphology of polymer layers on the resultant friction forces.13 The interfacial fluid 
layer may act as a shear plane between polymer brushes (grafted), despite moderate brush collapse, 
resulting in lower frictional forces. As the solvent quality is further decreased, the brushes undergo 
significant collapse, and the fluid film at the interface can no longer be maintained.  The shear 
plane then moves to the entangled polymer layers, leading to higher friction coefficients. Similar 
transitional behaviour has also been shown by polymer films that were formed via physisoprtion: 
a low boundary friction coefficient was measured for highly hydrated viscoelastic surface layers, 
whereas (very) thin adsorbed rigid polymer films had negligible effect on interfacial lubrication.14 
The lubrication effects of polymer coatings are not only confined to reduce the frictional forces 
between flat surfaces, but also in bulk systems where the rheology of high volume fraction 
polymer-coated particles can be manipulated by the degree of lubrication. It has been shown that 
thick and highly hydrated polymer layers strongly repel each other to provide sufficient lubrication 
for particles to easily slide past one another, resulting in low suspension viscosities.15  
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In particular, being a biocompatible, water-soluble, and low-cost polymer, PVP has wide 
applications in food industries, nanoparticle synthesis, cosmetics, medical and pharmaceutical 
industries.16-18 For instance, owing to its good biocompatibility, PVP has been used as a serum 
albumin substitute,19 a component of artificial tears and an ingredient of bactericidal iodine.5 
Recently, PVP has been shown to be a promising lubrication additive for artificial joints by 
significantly reducing the friction coefficient, as well as improving wear resistance of the joint 
pairs.5, 20 A 2-fold reduction in the coefficient of friction and a 30% reduction in the wear scar 
diameter relative to water were measured for PVP  solutions under a normal load of 2 kN.5 PVP 
also exhibits high degradation resistance, which is beneficial from a tribology perspective, 
confirming the polymer stability as a lubricant over extended periods of time.  
To the best of our knowledge, the lubricating properties of ultra-thin PVP films prepared via 
physisorption has not previously been considered.21 Polymer physisorption is usually simpler than 
chemical grafting onto surfaces, which can obviously be advantageous when considering routes 
for efficient and cost effective scale-up. In the current study, surface modification was achieved 
by adsorbing PVP on silica at ultralow concentrations SSP. The adsorption behaviour of PVP 
was studied by optical reflectometry (OR) and Quartz Crystal Microbalance with Dissipation 
monitoring (QCM-D): allowing us to measure or infer the surface excess, adsorption kinetics, 
polymer rearrangement on the substrate, and PVP film hydration. The lubricating properties of 
these adsorbed PVP films at the silica-water interface were measured using an atomic force 
microscope (AFM). The resultant lubrication effect was subsequently highlighted by measuring 
the suspension rheology of uncoated and PVP-coated silica particles. 
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MATERIALS AND METHODS 
Materials. PVP (8 kDa, 40 kDa, 360 kDa and 1300 kDa) was purchased from Alfa Aesar (UK). 
Silicon wafers with a 100 nm thermally deposited oxide layer were purchased from University 
Wafer (USA). Hollow silica particles (diameter 9 ± ȝP and density ~ 1.1 g/mL) were purchased 
from Sigma-Aldrich (UK). Milli-4ZDWHUZLWKDUHVLVWLYLW\RI0ȍFPZDVXVHGWKURXJKRXW
the study.22 
Fixed angle optical reflectometry (OR). PVP adsorption was studied by fixed angle 
optical reflectometry (OR). The OR has a polarized red He-Ne laser (632.8 nm) that is incident 
onto a silicon wafer close to the Brewster angle. The intensity of the reflected parallel (Rp) and 
perpendicular (Rs) components of the laser was monitored by a pair of photodetectors mounted at 
ÛWRHDFKRWKHURp/Rs produces a value for the measured signal, S, DQGFKDQJHVWRWKLVVLJQDOǻ6
are measured during an experiment. Silicon wafers were cut to dimensions of 1 cm × 3 cm and 
fresh substrates were used for each experiment. These silicon substrates were UV-Ozone cleaned 
for 30 min and rinsed with Milli-Q water before positioning the substrate in the flow cell of the 
OR. Milli-Q water was used as a background liquid to first ensure a stable baseline signal (S0) 
before each adsorption experiment, and the change in the measured signal ǻ6 6í60 was then 
recorded after PVP solutions were injected.23 Once a stable surface excess value was obtained, 
Milli-Q water was re-injected into the OR cell to investigate the rinse-off behaviour of PVP. The 
adsorbed amount, ī, can be calculated from,߁ ൌ  ?ௌௌబ ܳ, where Q is a sensitivity coefficient based 
on a four-layer optical model.24 After each experiment, the remaining liquid was removed from 
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the OR cell using a 20 mL syringe, before the OR cell was cleaned by continuously rinsing with 2 
L of Milli-Q water. 
Quartz crystal microbalance with dissipation monitoring (QCM-D). The 
adsorption of PVP on silica was also studied using an E4 QCM-D from Q-Sense (Gothenburg, 
Sweden). The measurement cell is mounted on a Peltier element to provide accurate temperature 
control (25 ± 0.02 °C). The quartz crystal oscillators (sensors) used for the experiments had a 
diameter of 14 mm and a fundamental shear oscillation frequency of 5 MHz. The sensors were 
first cleaned by sonicating in a 2 wt% Decon solution for 30 min followed by 10 min sonication 
in Milli-Q water, after which the sensors were air dried and left in a UV-Ozone cleaner (Bioforce 
Nanoscience, USA) for 3 h to eliminate remnant organics.25 All measurements began by running 
Milli-Q water as a background fluid, before the PVP solution was pumped into the sensor cell after 
establishing a stable baseline. The changes in frequency (¨f) and dissipation (¨D) were measured 
simultaneously at different overtones. In the current studyǻf3 and ¨D3 were used to present the 
frequency and dissipation shifts, since the third overtone provides the best signal-to-noise ratio.  
At resonance, an oscillating electric field induces mechanical shear waves in the sensor. Any 
increase in mass (ǻP) on the quartz sensor causes the oscillation frequency of the sensor to 
decrease, leading to a negative shift in the resonance frequency (െ ? )݂. According to the Sauerbrey 
model,26  ?݂ ൌ െ݊ଵ஼  ? ,݉ where C is the mass sensitivity constant (C = 17.7 ng cmí2 ·Hzí1 at 5 
MHz), and n is the overtone number (n = 1, 3,...). Using the Sauerbrey model, a rigid, non-slip, 
evenly distributed film is hypothesized. Meanwhile, the QCM-D can also measure the dissipation 
changes, ߂ܦ ൌ  ?߂߁Ȁ ଴݂ , where ߂߁  is the change in the half-bandwidth of the QCM frequency 
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spectrum and ଴݂ is the fundamental resonant frequency of the QCM sensor.27 The measurement of 
dissipation provides the possibility of estimating the surface excess of viscous films using the 
Voigt model26 provided by Q-Tools (assuming the density and viscosity of the hydrated PVP film 
are 1×103 kg/m3 and 1×10-3 Pa· s, respectively). For comparison, both the Sauerbrey and the Voigt 
models were used to estimate the surface excess of the adsorbed PVP films. 
Atomic Force Microscopy (AFM). A BioScope II AFM (Bruker, USA) was used to 
measure the lateral forces between silica-silica surfaces and PVP-PVP coated silica surfaces using 
the colloid probe technique. Tipless silicon nitride cantilever (DNP-020, Bruker AFM Probes 
International Inc., USA) with a spring constant of 0.6 N/m, determined by the thermal resonance 
method, was used to create colloid probes. Silica particles (Duke Scientific, USA) of 30 µm 
diameter were attached to the cantilevers using a two-part epoxy glue (Araldite 2012, UK) which 
was allowed to cure overnight. These colloidal probes were then examined by scanning electron 
microscopy (Hitachi TM3030, UK) to ensure that the particle was well centred and cleanly 
attached to the cantilever. Four pieces of silicon wafer were cut and cleaned as aforementioned 
and were soaked in 1 ppm PVP solutions of different molecular weight (8 kDa, 40 kDa, 360 kDa, 
and 1300 kDa) for 30 min to ensure the silica surfaces were completely saturated with PVP 
molecules, after which the silicon wafers were rinsed with Milli-Q water to remove excess PVP. 
In the same way, four different PVP-coated colloid probes were also prepared. Lateral force 
measurements were obtained immediately after the PVP surface preparation to ensure that both 
PVP surfaces remained fully hydrated. These experiments involved depositing two or three drops 
of Milli-Q water onto the PVP-coated substrate before immersing the colloid probe into the 
solution. Friction loops were obtained as a function of the normal load (0.44 µN to 2.22 µN) at a 
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scan length of 1 µm and a scan rate of 1 µm/s.  All force curves were collected at 0.5 Hz at a 
minimum of three different surface sites to ensure representative behaviour. 
Suspension preparation and bulk rheology. To prepare the uncoated silica particle 
suspension, 50 g of silica (9 - 13 µm) was added to 50 g of Milli-Q water under gentle agitation, 
creating a 50 wt% suspension. The suspension concentration was then increased by gradually 
removing the supernatant by centrifuging the sample at 10,000 rpm. The PVP-coated particle 
suspensions were prepared by blending 50 g of silica in 50 g of 0.2 wt% solutions of either 8 kDa 
or 40 kDa PVP (PVP concentration in excess to achieve surface saturation).  The PVP-silica 
suspension was continually mixed for 12 h to ensure uniform PVP coverage on the silica particles 
before centrifugation and then removing the supernatant. These suspensions were then re-
dispersed in Milli-Q water, readjusting the suspension concentration to 50 wt%. The washing 
process was repeated several times to ensure that any excess PVP was removed.22 Once the 50 wt% 
suspension containing PVP-coated particles was prepared, the suspension concentration could be 
increased using the same centrifugation method as for the uncoated particle suspensions.  
Flow curves of silica particle and PVP-coated particle suspensions were measured using a stress-
controlled Discovery Hybrid Rheometer (DHR-2, TA Instruments, UK) equipped with a cross-
hatched plate geometry (40 mm plate). Prior to each measurement the plate geometry was cleaned 
in acetone and washed with excess Milli-Q water. Sand paper of Grade 40 was fixed to the center 
of the base plate to prevent suspension slippage, and a solvent trap was used to minimize the 
evaporation of the suspension liquid. For the flow curve measurements, ~ 2 mL of the suspension 
was placed on the Peltier plate and the plate geometry lowered to a 1 mm gap setting. With the 
geometry positioned, a pre-shear protocol of 50 s-1 for 60s was executed to ensure that the 
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suspension structure was not influenced by sample handling and/or history.  The suspension 
rheology was then measured by varying the shear rate between 0.1 and 200 s-1. The measured flow 
curves were analyzed using the Herschel-Bulkley model to obtain values of yield stress at each 
suspension concentration. All the measurements were conducted at a constant temperature of 25 
oC. 
All experiments using the techniques described were repeated at least three times to ensure 
representative behavior. Average values and errors are reported based on steady-state conditions. 
Experiments were conducted at 25oC and pH ~ 6.2 (pure Milli-Q water). 
 
RESULTS AND DISCUSSION 
PVP surface excess. The adsorption isotherm for 40 kDa PVP at 25oC obtained using the OR 
is shown in Fig. 1(a). These data indicate two distinct regions for: (i) increasing values of surface 
excess up to a PVP concentration of 0.1 ppm, and then (ii) a plateau surface excess of ~ 0.9 mg/m2 
for PVP concentrations  0.1 ppm, correlating well with previously published data.22, 28-30 
Comparative isotherms for 8 kDa, 40 kDa, 360 kDa and 1300 kDa PVP are presented in Fig. 1(b) 
and show similar behavior, although the plateau surface excess values are partly dependent on the 
molecular weight, which is commonly observed for linear polymers.31 
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Figure 1ˊ Surface excess isotherms for (a) 40 kDa PVP and (b) comparative isotherms for 8 kDa, 
40 kDa, 360 kDa and 1300 kDa PVP measured by OR DWÛ&. 
PVP adsorption kinetics. Fig. 2 shows adsorption kinetic data for the 8 kDa PVP sample at 
a variety of concentrations. Each OR experiment begins by establishing a baseline (approximately 
10 min) in Milli-Q water before the PVP solution is injected into the measurement cell. A clear 
concentration dependence for the PVP adsorption rate exists, with equilibrium surface excess 
values being achieved after 5 min at 1 ppm PVP but needing more than 1 h at 0.01 ppm PVP. The 
adsorption rate for 0.001 ppm PVP had the largest uncertainty due to the poor signal-to-noise ratio 
at this ultra-low concentration, although a repeatable equilibrium surface excess of around 0.2 
mg/m2 was measured. Once the equilibrium surface excess was obtained, Milli-Q water was re-
introduced into the OR cell at the times indicated by the arrows in Fig. 2. Negligible rinse-off of 
the adsorbed PVP was observed at all concentrations, indicating that the PVP molecules were 
strongly bound to the silica surface, hence the adsorption of PVP onto silica can be regarded as 
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being essentially irreversible (over the timescales of interest).32 The initial adsorption rates for 
different molecular weight PVP and at different polymer concentrations are shown in Fig. S1. 
  
Figure 2. Adsorption kinetics for 8 kDa PVP as a function of the PVP concentration measured by 
OR. Adsorption kinetics described by Eq. 3 are shown as solid lines. Arrows indicate the injection 
time of Milli-Q water (rinse-off).  
Since PVP adsorption on silica was found to be effectively irreversible, the adsorption kinetics of 
PVP can be described by relating the changing rate of the surface excess as a function of time t 
and the initial concentration c of PVP in solution as31 
                                                            
ௗ୻ௗ௧ ൌ ݇௔ܿܤሺȞሻǡ                                                         (1) 
where ݇௔ is the adsorption rate coefficient of PVP and ܤሺȞሻis the blocking function, which is 
suggested by the Langmuir model to be31 
                                                            ܤሺȞሻ ൌ ቊ  ? െȞ Ȟ଴ൗ ǡ Ȟ ൏ Ȟ଴ ?ǡȞ ൒ Ȟ଴ǡ                                         (2) 
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where Ȟ and Ȟ଴ are the surface excess at time ݐ and at saturation respectively.31 The relationship 
between Ȟ and the adsorption time can then be calculated by integrating Eq. 1 to give 
                                                            Ȟ ൌ Ȟ଴ െ  ቀെ ௞ೌ௖௧୻బ ቁ Ȟ଴Ǥ                                             (3) 
Comparisons between the experimental data and the kinetic model are shown in Fig. 2 for the 8 
kDa PVP. Excellent agreement is obtained for the 0.1 and 1 ppm PVP with an optimal fitting 
parameter of ݇௔ = 1.2×10-5 m/s. However, poor agreement between the experimental data and the 
kinetic model was observed at lower PVP concentrations, most likely due to an insufficient 
polymer concentration, i.e. sub-monolayer coverage.31 The fitting parameters (݇௔) for the 40 kDa, 
360 kDa, and 1300 kDa PVP are 8.6×10-6 m/s, 5.5×10-6 m/s, and 5.0×10-6 m/s respectively (Fig. 
S2), similar in magnitude to reported data for other linear polymers.31 
PVP film hydration. Complementing the OR data, PVP adsorption was also studied using 
QCM-D. The main difference between the two techniques is that QCM-D is sensitive to both the 
adsorbed PVP and any solvent trapped within the adsorbed film (i.e. an apparent film mass), 
whereas the OR is sensitive only to the adsorbed PVP (i.e. the real polymer film mass). Therefore, 
by comparing the QCM-D and OR data it is possible to estimate the degree of adsorbed film 
hydration.33 
The raw QCM-D data was converted to adsorbed surface excess using two different models i) 
Sauerbrey34 and ii) Voigt35, see Fig. S3. In both models the background fluid is Newtonian with 
only the thin adsorbed polymer film modelled differently. It can be seen (Fig. S3) that the 
viscoelastic Voigt model and the elastic Sauerbrey model differ by around 10%, indicating that 
the adsorbed PVP films mainly behave as an elastic film. Hence the Sauerbrey model is adequate, 
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and is used for the following analysis. The raw QCM-D data (¨f and ǻ') is shown in the 
Supporting Information (Fig. S4). 
Adsorption of 1 ppm PVP on silica using OR and QCM-D is directly compared in Fig. 3. 1 ppm 
was chosen since the adsorption isotherms in Fig. 1 confirmed surface saturation at PVP 
concentrations ൒0.1 ppm. Fig. 3 shows that for all QCM-D data, the equilibration time was 
significantly longer than was observed for the equivalent OR data, most likely due to 
conformational rearrangement/reorganization of the polymer chains at the solid-liquid interface 
post adsorption, something for which the OR is insensitive. The QCM-D data also showed little or 
no rinse-off (Milli-Q water wash identified by the arrows), confirming the findings from the OR 
experiments (Fig. 2). 
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Figure 3. Adsorption kinetics for 1 ppm PVP of different molecular weight measured by OR 
(closed squares) and QCM-D (open triangles). Arrows indicate the injection time of Milli-Q water 
(rinse-off). 
   
Figure 4. Equilibrium surface excess as a function of the PVP molecular weight measured by OR, 
QCM-D and TGA. 
Thermo-gravimetric analysis (TGA) (Q-500, TA Instruments, USA) was also used to determine 
adsorbed PVP mass on silica particles. The TGA profiles for silica only, PVP only and PVP-coated 
silica of varying molecular weight PVP are shown in Fig. S6. Readers are referred to Yu et al.22 
for the appropriate analysis to determine the polymer surface excess on silica particles.  
Equilibrium surface excess values as a function of the PVP molecular weight are compared for the 
OR, QCM-D and TGA techniques, see Fig. 4. The OR data is in good agreement with the TGA 
data, confirming that the OR data gives the true polymer film mass. The equilibrium PVP surface 
excess measured by QCM-D (apparent film mass) is shown to be greater than the surfaces excess 
determined by OR and TGA, albeit the 8 kDa PVP data is in approximate agreement for all three 
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techniques. Since the PVP concentration is too low to change the density and viscosity of the bulk 
liquid,36 the QCM-D data indicates that the 8 kDa PVP forms a film with little water trapped within 
the relatively flat adsorbed PVP chains (predominantly train orientation), while the higher 
molecular weight polymers form more hydrated films due to a slightly expanded chain 
confirmation (most likely increased tails and loops orientation).37 Based on the differences in 
surface excess between the OR (or TGA) and QCM-D data, we can estimate that the amount of 
water retained in the PVP films for 8 kDa PVP is around 10 wt%, and for the higher molecular 
weight PVPs (40 kDa, 360 kDa, and 1300 kDa) is approximately 40-55 wt%.  
PVP Sauerbrey film thickness and conformation. In addition to the frequency shift 
( ? )݂, the dissipation shift (ǻD) can also be measured by QCM-D, see Fig. S4. Since the bulk 
polymer concentration (1 ppm) used here is too low to change the properties of the background 
liquid,36 the sensor dissipation will mainly result from the viscous losses caused by the adsorbed 
PVP film itself, including any trapped water within the PVP film.27  
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Figure 5. Comparison of the PVP Sauerbrey film thickness and the QCM-D equilibrium 
dissipation as a function of the PVP molecular weight at 1 ppm.  
Fig. 5 shows the relative changes in Sauerbrey film thickness and dissipation as a function of the 
PVP molecular weight. The average hydrated film thickness determined by QCM-D was ~ 0.9 nm 
for the 8 kDa PVP film and ~ 1.8 nm for the higher molecular weight PVP films according to the 
Sauerbrey model. While the Sauerbrey film thickness of the 8 kDa PVP is in good agreement with 
the average film thickness determined by OR (~ 0.8 nm), when compared for the higher molecular 
weight PVPs there is significant divergence of the measured film thicknesses (OR data ~ 1 nm for 
the 40 kDa, 360 kDa and 1300 kDa PVP films). These differences likely result from the degree of 
PVP film hydration. Considering that the radius of gyration (Rg) of these polymers in solution are 
~ 4 nm, ~ 7 nm, ~ 27 nm and ~ 51 nm for 8, 40, 360 and 1300 kDa PVP respectively38, the film 
thickness data shown in Fig. 4 seem to correspond to conformations where the PVP chains are 
lying flat or nearly flat on the substrate (PVP chain width previously reported to be ~ 1 nm).39 This 
likely polymer orientation on the substrate is also justified by the low dissipation values, although 
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it is worth noting that the dissipation of the 8 kDa PVP film is four times smaller than the higher 
molecular weight PVPs, signifying increased film stiffness by the lowest molecular weight PVP.  
 
    
Figure 6. a) Time dependent resonance frequency (closed symbols) and dissipation (open symbols) 
for 8 kDa and 1300 kDa PVP at 1 ppm. Arrows indicate the injection time of Milli-Q water (rinse-
off). b) ¨D DVDIXQFWLRQRI¨f for the 1300 kDa and 8 kDa PVP (shown inset) at 1 ppm. All the 
¨'¨I values shown should be multiplied by a factor of 10-6. Schematic to show the likely polymer 
orientation to reach the equilibrium state.  
Fig. 6b shows ¨D as a function of ¨f for the 8 kDa (inset) and 1300 kDa PVP adsorption, 
highlighting potential conformational changes of the PVP molecules on silica during the 
adsorption process (rinse-off data not included). Both experiments were allowed to reach 
equilibrium and the raw data is shown in Fig. 6a. In Fig. 6b the QCM-D response for the 1300 kDa 
PVP can be divided into three stages, labelled as regions I, II and III, according to the mean slope 
of each region. Region I shows a very small increase in dissipation (up to 0.08 × 10-6) with a faster 
increase in frequency, up to 5 Hz, which is approximately half the equilibrium plateau value of 11 
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Hz (Fig. 6a), suggesting that during the initial stages of adsorption, the 1300 kDa PVP molecules 
adsorb flat on the silica surface (predominantly train orientation). In regions II and III the slope 
(  ?ܦȀ ? )݂ increases to 0.05×10-6 and 0.1×10-6 respectively, representing a larger and larger 
contribution from the sensor dissipation, with relatively small changes in the frequency. These 
latter stages (regions II and III) represent the gradual rearrangement/reorganization of the 1300 
kDa PVP film resulting in a 40-55 wt% hydration (Fig. 4) of the adsorbed polymer film.  The 
increased contribution from the dissipation is further confirmation of gradual film softening 
(increased hydration) due to the longer time conformational changes of the adsorbed polymer film. 
These slower dynamics have previously been reported using AFM, where the authors studying the 
adsorption of 1 ppm PVP on graphite observed that the polymer first adsorbs in an expanded chain 
confirmation before reconfiguring over several hours to reach an equilibrium state that is slightly 
more globular and rougher.37  Similar softening behaviour was also observed for the 40 kDa and 
360 kDa PVP films, see Fig. S5.  
By comparison, the entire adsorption process of the 8 kDa PVP (inset Fig. 6b) reasonably compares 
to region I of the 1300 kDa PVP data. Very small equilibrium values of ǻI and ¨D of 5 Hz and 
0.1×10-6 respectively were measured for the 8 kDa PVP film. The fact that the equilibrium ǻI for 
the 8 kDa PVP film was about half that of the 1300 kDa film, whereas the ¨D value was more 
than four times smaller, confirms that negligible softening of the 8 kDa film occurs. From the 
QCM-D data we would expect the 8 kDa PVP film to be more rigid than the higher molecular 
weight PVP films. 
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Particle-substrate lateral force. The lateral forces between silica-silica surfaces, and PVP-
coated silica surfaces were measured under different normal loads using the AFM colloid probe 
technique.8 The lateral forces between uncoated silica surfaces (Fig. 7) increased almost linearly 
with increasing normal load (over the range considered), as expected by $PRQWRQ¶V ODZ.40 
Interestingly, the measured lateral forces between 8 kDa PVP-PVP surfaces closely matched the 
uncoated silica data at all loads. By contrast, the 40 kDa PVP-PVP, 360 kDa PVP-PVP, and 1300 
kDa PVP-PVP surfaces showed significantly smaller lateral forces, and each of these three longer 
chain PVP polymers showed a similar response independent of the polymer molecular weight. 
This suggests that above a critical chain length, PVP can reduce the friction between silica surfaces 
by approximately a factor of 2. 
Qualitatively these results complement the adsorption data, where it was shown (Figs. 4-6) that 
the 8 kDa PVP IRUPVDFRPSDUDWLYHO\PRUH³ULJLG´ILOPWKDQWKHPRUH³ORVV\´KLJKHUPROHFXODU
weight PVP films. The ability to reconfigure and essentially hydrate to produce an interfacial film 
of increased softness is favorable for lubrication.   8QGHUFRPSUHVVLRQWKH³VRIW´LQWHUIDFLDOILOP
is able to accommodate the normal load and inhibit hard surface contact, something that is less 
achievable for the lowest molecular weight PVP, which essentially adsorbs in a flat configuration 
with little retained water in the polymer film. In summary, the AFM data highlights that a critical 
PVP molecular weight (~ 40 kDa) exists, around which the friction may be reduced by ~50% 
compared with uncoated silica surfaces. 
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Figure 7. Lateral forces measured between silica-silica, 8 kDa PVP-PVP, 40 kDa PVP-PVP, 360 
kDa PVP-PVP, and 1300 kDa PVP-PVP surfaces by a colloid AFM probe. 
Yield stress of suspensions. High concentration (50 to 63 vol%) suspensions were prepared 
using uncoated silica particles in water, as well as 8 kDa PVP and 40 kDa PVP-coated silica 
particles in water. The rheology flow curves were fitted using the Herschel-Bulkley model to 
obtain values of yield stress at each suspension concentration (Fig. 8).41 The Sauerbrey thickness 
of the PVP film (Fig. 5) was accounted for to shift the µDSSDUHQW¶ volume fraction of the composite 
particle suspension to a slightly higher value (Fig. 8) compared with the uncoated particles. The 
yield stress of the 40 kDa PVP-coated particle suspension was shown to be significantly reduced 
above 60 vol% compared with the uncoated silica particle suspension. This result is in broad 
agreement with the lateral force data (Fig. 7) where it was shown that the 40 kDa PVP films had 
significantly lower lateral forces than the uncoated silica surfaces. The lubrication effect from a 
softer polymer film would assist particles to slide past each other more easily when the particles 
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are highly packed (high contact loading).15 By contrast, the suspensions prepared using 8 kDa 
PVP-coated particles behaved similarly to uncoated silica particles, most likely a result of the thin, 
dehydrated PVP film adsorbed on the particle, as evidenced by OR and QCM-D techniques. This 
thin and rigid film has much less retained water, resulting in a greater degree of friction between 
each particle (Fig. 7), and therefore, a larger shear force is needed to induce yielding of the high 
volume fraction suspension. The diverging response between the uncoated and 40 kDa PVP-coated 
silica particles resulted from the increased lubrication effect as the apparent particle volume 
fraction increased. This effect is enhanced at higher particle concentrations as the electrostatic 
repulsion forces (similar zeta potentials were measured IRUWKHXQFRDWHG>ȗ -41.6 ± 1.2 mV] and 
1 ppm PVP-FRDWHG>ȗ -39.1 ± 1.3 mV] silica particles) were exceeded by the local contact loads. 
Fig. 7 showed that significant differences in the lateral friction were measured when the normal 
load exceeds 0.5 µN.   
 
Figure 8: Suspension yield stress as a function of the apparent particle volume fraction for 
uncoated silica particles (No PVP), 8 kDa and 40 kDa PVP-coated silica particles in water. 
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CONCLUSIONS 
In the current study, silica surfaces were modified by adsorbing poly(vinylpyrrolidone) (PVP) at 
ultra-low concentrations (൑ 1 ppm). Different PVP molecular weights between 8 kDa and 1300 
kDa were used to investigate both the adsorbed mass and the frictional properties of the resultant 
polymer coating. The surface excess measurements obtained by OR showed a very weak molecular 
weight dependence, whereas QCM-D data on the same PVP films showed that the amount of 
retained water in the 8 kDa PVP film was much less (~10 wt%)  than the retained water in films 
formed using higher molecular weight PVP (trapped water ~ 40-55 wt%). Lateral forces measured 
by AFM between 8 kDa PVP-PVP surfaces very closely matched the uncoated silica lateral forces 
at all normal loads tested. By contrast, the lateral forces measured between 40 kDa PVP-PVP, 360 
kDa PVP-PVP, and 1300 kDa PVP-PVP surfaces were significantly smaller, indicating that above 
a critical chain length (~ 40 kDa), PVP can significantly reduce the friction between silica surfaces 
by approximately a factor of 2. The lubrication effect of PVP has been verified by measuring a 
reduction in the suspension yield stress when the silica particles were coated with 40 kDa PVP.   
The 8 kDa PVP-coated particles showed negligible variance from the uncoated particles, further 
validating the lubricating effect of the higher molecular weight PVP at ultra-low polymer 
concentrations. While the hydration mechanism of the higher molecular weight PVP has not been 
considered, it is hypothesized that the structural rearrangement of PVP is influenced by the relative 
bending energy of the higher molecular weight polymers, although such dependence remains to 
be verified and is the focus of further research.  
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PVP-only, and PVP-coated silica nanoparticles with PVP of increasing molecular weight (Fig. S6). 
Suspension viscosity (closed symbols) and shear stress (open symbols) as a function of the applied 
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